Abstract The Normalized Difference Vegetation Index (NDVI) is an important vegetation greenness indicator. Compared to the AVHRR GIMMS NDVI data, the availability of two datasets with 1 km spatial resolution, i.e., Terra MODIS (MOD13A3) monthly composite and SPOT Vegetation (VGT) 10-day composite NDVI, extends the application dimensions at spatial and temporal scales. An overlapping period of 12 years between the datasets now makes it possible to investigate the consistency of the two datasets. Linear regression trend analysis was performed to compare the two datasets in this study. The results show greater consistency in regression slopes in the semi-arid regions of northern China. Alternatively, the results show only slight changes in the Terra MODIS NDVI regression slope in most areas of southern China whereas the SPOT VGT NDVI shows positive changes over a large area. The corresponding regression slope values between Terra MODIS and SPOT VGT NDVI datasets from the linear fit had a fair agreement in the spatial dimension. However, larger positive and negative differences were observed at the junction of the three regions (East China, Central China, and North China). These differences can be partially explained by the positive standard deviation differences distributed over a large area at the junction of these three regions. This study demonstrated that Terra MODIS and SPOT VGT NDVI have a relatively robust basis for characterizing vegetation changes in annual NDVI in most of the semi-arid and arid regions in northern China.
Introduction
Remote sensing is currently the most commonly used method of data collection for characterizing global vegetation dynamics. In particular, the Normalized Difference Vegetation Index (NDVI) has been recognized as an important measure for evaluating regional and local vegetation changes since the early 1980s (Tucker, 1979) . Until now, NDVI datasets have been used for a variety of purposes and at scales ranging from individual watersheds to the global scale. NDVI data can be used to assess vegetation trends (Tucker et al., 2001) , vegetation and climate relevance (Lucht et al., 2002; Hu et al., 2011) , phenological change (Stöckli and Vidale, 2004; Zhang et al., 2006; Heumann et al., 2007) , ecological response to environmental change (Pettorelli et al., 2005) , leaf area index (LAI; Wang et al., 2005) , vegetation cover (Bartalev et al., 2003) , desertification and land degradation (Symeonakis and Drake, 2004; Bai et al., 2008) , ecosystem disturbances (such as wildfires, hurricanes, insect outbreaks) (Mildrexler et al., 2009) , and Net Primary Production (NPP) (Nemani et al., 2003; Hickler et al., 2005) . Although the NDVI easily becomes saturated when viewing forests and other areas with large amounts of chlorophyll (Sellers, 1985; Gao et al., 2000) , it is still the most widely used vegetation index for monitoring vegetation over large areas or large timescales.
The Moderate Resolution Imaging Spectroradiometers (MODIS) onboard the Earth Observation System (EOS) Terra and Aqua satellites were launched on December 1999 and May 2002, respectively. They can be used to monitor the biophysical variables of the Earth. The MODIS spatial resolutions were 1 km (29 bands), 500 m (5 bands), and 250 m (2 bands) with a one-day temporal resolution. Thus, MODIS data are advantageous in a wide range of scientific research. However, some issues that must be considered when using MODIS data include greater spatial inter-pixel correlation in the cross-track direction than in the along-track direction due to its whiskbroom scanning system (Schowengerdt, 2007) , and the so-called "bow-tie" effect caused by consecutive MODIS scan lines that overlap when the view zenith angles (VZA) are not 0° (Wolfe et al., 2002) . The vegetation index data have been corrected for molecular scattering, ozone absorption, and aerosols, and have been adjusted to nadir and standard sun angles with the use of bidirectional reflectance distribution function (BRDF) models (http://vip.arizona.edu/MODIS_UsersGuide.php).
The Satellite Pour l'Observation de la Terre (SPOT) family of satellites has provided remarkable observations of the Earth from SPOT 1-6 since 1986. The SPOT NDVI datasets are composed of vegetation (VGT) data from the SPOT 4 and the SPOT 5 satellite platforms launched in March 1998 and May 2002, respectively. These satellites were to be used specifically for monitoring vegetation cover and properties. The SPOT VGT 10-day synthesis NDVI (S10) data are available at a resolution of approximately 1 kmÂ1 km. Currently, NDVI data from the SPOT-VEGETATION (VGT1 and 2) sensors are widely used for many operational applications. The SPOT NDVI was derived from the red bands with electromagnetic wavelengths of 0.61-0.68 μm and near infrared bands with wavelengths of 0.78-0.89 μm, unlike the MODIS NDVI data, which were derived from red (0.62-0.67 μm) and near infrared bands (0.84-0.88 μm). Atmospheric effects were performed using the simplified method for atmospheric corrections model (SMAC) (Rahman and Dedieu, 1994) . Other adverse parameters, such as the sensor's sensitivity drift, molecular scattering, aerosol scattering, water vapor, ozone, and other gas absorption, were corrected to obtain non-cloudy and non-snowy data.
A feasibility analysis was necessary to compare the NDVI products from MODIS and SPOT imagery. To detect vegetation change, NDVI products are usually derived from the Advanced Very High Resolution Radiometer (AVHRR), SPOT, or MODIS. Compared to the coarse-resolution GIMMS NDVI, with an 8-km resolution, the MODIS and SPOT NDVI offer an improved and finer combination of spatial (1 km) and spectral resolutions with a high temporal frequency. Time-series data were derived from medium resolution satellite images, such as MODIS and SPOT VGT products that can be used to analyze the vegetation dynamics over long time periods (MODIS dates back to 2000 and SPOT to 1998). With 12 years of data for both the MODIS NDVI (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) and SPOT NDVI (1998 , a reliability evaluation of MODIS and SPOT NDVI trends for this time-span can be performed. NDVI datasets for approximately 14 years (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) from the SPOT satellite could be correlated with the Terra MODIS data to provide a long-term data profile at a 1-km spatial scale. As their availability and accessibility increase, the multi-sensor NDVI products will likely be an improvement to the GIMMS NDVI product for monitoring vegetation conditions (Huete et al., 2002; Maisongrande et al., 2004) . Therefore, it is necessary to evaluate the consistency of the two data products acquired over the same observational time periods (from 2000 to 2011). In previous studies, two datasets were compared regionally (Mao et al., 2012) and nationally (Song et al., 2010) . In addition, the datasets were compared at both continental and global scales (Fensholt et al., 2006; Beck et al., 2011; Fensholt and Proud, 2012) . However, relatively few studies have been conducted to assess the spatial consistency of a 1-km resolution MODIS and SPOT NDVI dataset covering China.
This study assesses and compares the capability of the time-series MODIS and SPOT imagery to analyze the trend consistency of China. This study mainly focuses on (i) the trend and correlation analysis of MODIS and SPOT NDVI using the overlapping annually integrated NDVI datasets from 2000 to 2011, and (ii) the annual difference between MODIS and SPOT NDVI via the regression slope, correlation coefficient, and standard deviation.
Data and methods

Terra MODIS monthly composite NDVI data
The NDVI satellite dataset used in this study was from the MODIS instrument onboard the Terra satellite. We used monthly composite data at a 1-km resolution (MOD13A3, L3 Global 1 km, and collection 5) from 2000 to 2011. The 23 tiles of MOD13A3 coverage for China were accessed from the USGS Land Processes Distributed Active Archive Center (LP DAAC, http://ladsweb.nascom.nasa. gov/data/search.html). These tiles were derived from the 16-day 1-km MODIS NDVI (MOD13A2) output, which was temporally aggregated using a weighted average to create a calendar-month composite of the data (http://vip. arizona.edu/MODIS_UsersGuide.php). The MOD13A3 vegetation product contains a data quality assessment product (QA data) that contains information on the overall usefulness, the pixel reliability, and the cloud conditions on a per-pixel basis. This product has a ranked summary quality layer (SDS), which contains ranked values that describe the overall pixel quality. Rank keys have five classes. The flags -1, 0, 1, 2, and 3 denote data that are "Fill/No data (Not processed)," "Good data (Use with confidence)," "Marginal data (Useful, but look at other QA information)," "Snow/Ice (Target covered with snow/ice)," and "Cloudy (Target not visible, covered with cloud)," respectively. High quality data were defined as data with a Rank key flag of 0, and all other combinations were classified as poor quality data. More specific explanations of the MOD13A3 VI pixel reliability can be found in the MODIS User's Guide (http://vip.arizona.edu/MODIS_U-sersGuide.php).
SPOT VGT 10-day composite NDVI
In this study, 1-km resolution SPOT NDVI data in the Plate Carree (Equirectangular) geographic projection were obtained from the Free VEGETATION Products website (http://free.vgt.vito.be/). The 10-day composite NDVI data acquired from 2000 to 2011 were composed of daily data from two observation instruments (VEGETATION 1 and VEGETATION 2) onboard the SPOT 4 and SPOT 5 satellites, respectively. Ten-day NDVI image composites (S10) were computed from all of the passes for each location acquired during 10-day periods using the maximum value composite (MVC) method (http://www.spotvegetation.com/pages/VegetationSystem/products.htm). The data quality information was obtained from the Status Map (SM) layer that included some of the potential problems observed for the reflectance of each band. The SM binary screening approach was applied to each SPOT pixel that was included in the correlation analyses. The binary code requirement for the overall usefulness combination information was 11111000. The "Bit NR 0," "Bit NR 1," and "Bit NR 2" SM values must be equal to 0 (meaning clear and with no ice or snow), and the "Bit NR 3-7" SM values must equal 1 (good radiometric quality). More specific explanations of Status Map for the SPOT VGT NDVI product can be found on the data acquisition website (http://free.vgt.vito.be/vgtformat.php).
Land cover data
Land cover data (MCD12Q1-IGBP, 2009) are shown in Fig. 1 as a reference to further analyze the MODIS and SPOT NDVI trends for major land cover classes. Additionally, land cover data with a 500-m resolution were resampled to create a geographic type at an approximate resolution of 1 kmÂ1 km to match with MODIS and SPOT NDVI.
Data post-processing and methodology
All MODIS images were reprojected to the WGS-84 coordinate system using the nearest-neighbor resampling method by the MODIS Reprojection Tool V4.0 (MRT). Additionally, the VGT Extract tool was used to georeference the SPOT NDVI data to the same coordinate system as the MODIS products. The original 10-day SPOT NDVI composite data covering the period from January 2000 to December 2011 were aggregated to monthly data using the maximum value composite (MVC) method. The MVC method was used to select the observation with the highest NDVI values to represent the composite period (10 days) (Huete et al., 2002) . The same method was used to produce the annual composition of MODIS and SPOT NDVI from monthly images. Because MODIS data were not available for the first month in the observation year 2000, the average values for the first month from 2001-2011 were used to fill in the missing data. The per-pixel QA information for both the MODIS and SPOT products was used to remove the poor quality NDVI data (data that were either influenced by cloud cover or by snow and ice). A simple temporal filter was applied to gap-fill the missing MODIS and SPOT data (Xiao et al., 2003; Fensholt et al., 2006 Fensholt et al., , 2009 . Additionally, a Savitsky-Golay filter was used to smooth the MODIS and SPOT data (Savitzky and Golay, 1964) .
The linear regression model was used to assess the correspondence in spatio-temporal trends between the NDVI from MODIS and SPOT and the strength of the correlation coefficient (r) for the 12-year time series of annual observations that passed the QA screening. The linear regression model is a simple, yet robust way to analyze long-term trends in NDVI time series. With time as the independent variable and NDVI as the dependent variable, the linear regression model was used to examine temporal trends between the two datasets. The outputs of the trend analysis were visually represented by mapping the correlation coefficient (r values) and the regression slope values to represent the strength and magnitude of the calculated trends. The resulting slope values and r values on a pixel level could easily be compared because they were calculated using the same model. The non-parametric Mann-Kendall (MK) test has been commonly applied to time series data for NDVI trend analysis (Fensholt and Proud, 2012) ; it was therefore used in this study. For the confidence interval α = 0.05, a positive slope (z≥1.96) represents a significant increase in NDVI for the period 2000-2011, while a negative slope (z£ -1.96) indicates a significant decrease.
To further analyze the time series trend analysis consistency between MODIS and SPOT NDVI in different sub-regions, China was divided into seven zones (Fig. 1) .
Results
MODIS and SPOT NDVI trend analysis
As described above, the temporal filter was applied to fill in data gaps caused by cloud influence over the 12 years. A Savitsky-Golay filter was used to smooth the MODIS and SPOT data. Regression slope values from the MODIS and SPOT annual NDVI data from 2000-2011 are shown in Figs. 2(a) and 2(b) . An annual NDVI standard deviation (SD) of less than 0.02 (e.g., desert areas) was masked out to reduce the uncertainty in the vegetation index estimation. Trend statistics for pixel-to-pixel comparisons with significant positive/negative regression slopes are reported for seven regions (total number of pixels and percentages) ( Table 1) . Trend statistics of the MODIS and SPOT NDVI analyses for the major land cover classes are shown in Table 2 . Scatter plots (density distribution plots) of the major calculated trends (regression slope values) from annually integrated observations of MODIS and SPOT are subdivided into seven sub-regions (Fig. 3) to investigate the consistency of the regression slope values at the regional scale.
Comparison of MODIS and SPOT NDVI
Observations that passed the QA screening and that had an annual NDVI SD of more than 0.02 at a 95% significance level are shown in color. The corresponding regression slopes from the MODIS/SPOT NDVI linear correlations are shown in Figs. 4(a) and 4(b) . Trend statistics of the regression slope values by the MODIS/SPOT NDVI analyses for the major land cover classes are shown in Table 3 . MODIS/SPOT linear trend regression slope values (MODIS NDVI being the independent variable and SPOT NDVI being the dependent variable) were plotted against the MODIS/SPOT r values as density plots on a regional scale (Fig. 5) . Correlations between the spatial distributions in the regression slopes, r-values, and annual SDs between MODIS and SPOT NDVI were determined (Figs. 6(a), 6(b), and 6(c)).
Discussion
Trends comparison in annual MODIS and SPOT NDVI
Both MODIS and SPOT NDVI pixels exhibit linearly increasing and decreasing trends over the 12-year period. The statistical analysis trends of total pixels (n) for MODIS and SPOT NDVI (SD > 0.02) were not significant, but the MODIS and SPOT NDVI positive and negative regression slopes (n) were significant at a confidence level of 95%. In areas of NDVI where SD was greater than 0.02, a significant trend was found for 31.7% of the MODIS NDVI pixels in China (25.4% positive and 6.3% negative). In contrast, 55.5% of pixels in SPOT NDVI data showed a significant trend (53.2% positive and 2.3% negative).
Both the MODIS and SPOT NDVI datasets showed agreement in greening trends in some areas of Northeast China (Songnen Plain), North China (Loess Plateau), and Central China (Henan Province). However, the results also show significant differences from the three regions (57.7%, 21.0%, and 39.0%, respectively).
On a regional scale, both NDVI datasets generally showed good agreement in areas with significant negative trends in North China (Bohai Rim and Inner Mongolia), East China (Yangtze River Delta), South China (Pearl River Delta), and Southwest China (Sichuan Basin). However, relatively small differences were also observed in each region (4.1%, 1.9%, 4.3%, and 3.9%, respectively). Comparisons between the SPOT-derived regression slope values and the MODIS datasets show decreased trends, although positive changes were shown in large areas of Northeast China (Changbai Mountain and Three-Rivers Plain). The trend is also noticeable in larger areas of Northwest China (both sides of the Tianshan Mountains), where a mixed pattern of positive/negative trends was generally observed in both datasets, with more negative trends observed in NDVI than in MODIS (4.9% of MODIS and 1.7% of SPOT).
Based on the comparison of MODIS and SPOT NDVI trend slopes over all of China, the positive regression slopes were higher for SPOT NDVI data over the 12-year period. More pixels from SPOT have positive trends (53.2%) than do pixels from the MODIS dataset (25.4%). This finding is possibly caused by a change in the spectral response functions from SPOT VGT1 to SPOT VGT2 in January 2003. Reflectance differences are due to calibration for the B2 (red band) and B3 (near-infrared). A reflectance bias of 2.1% and 6.3%, and an increase in observed NDVI of 3.4% (NDVI > 0.3), were found (http:// www.vgt.vito.be/faqnew/index.html; refer to Question5.1).
Significant regression slope values from MODIS and SPOT NDVI observations show that for pixels with good agreement between the two datasets, scatter-plots should be located in the first and third quadrants (Fig. 3) . A blue to red color change represents an increase in the density of the pixel (Fig. 3) . In general, significant NDVI regression slope values of annual MODIS and SPOT data show a good agreement in China (almost in the first and third quadrants). There is a correlation between NDVI regression slope values (almost in the first and third quadrants) for Northeast China, North China, and Northwest China, where there are more positive than negative trend pixels. For East China, Central China, South China, and Southwest China, the magnitude of the regression slope value varies, but most pixels are distributed in the first and third quadrants. In particular, the low MODIS data quality caused some data loss in Central China and South China, despite the temporal filter and the Savitsky-Golay methods used to improve data quality. However, the MODIS data did not change significantly with a confidence level of 95% in the study period (Fig. 3 ). Many pixels with positive regression slopes in SPOT and negative slopes in MODIS were observed in the fourth quadrant (Figs. 2(a) and 2(b) ).
Spatial patterns in annual MODIS vs. SPOT NDVI
For areas with a high r value, the mean regression slope value between MODIS and SPOT is expected to be closer to 1. From linear regression trend analysis, regression slope values (Fig. 4(a) ) and r values (Fig. 4(b) ) of annual observations of MODIS and SPOT NDVI (2000-2011) have better consistency in areas with slope values of approximately 1 (between 0.9 and 1.1). The regions with high r values (between 0.9 and 1) were found in northern China, including Northeast China, North China, and Northwest China. In East China, Central China, South China, and Southwest China, regression slope values for MODIS and the linear correlation of MODIS and SPOT NDVI data are low. The spatial differences of the regression slope (Fig. 6(a) ) and r values (Fig. 6(b) ) in MODIS and SPOT NDVI can also be observed in the corresponding standard deviation difference map (Fig. 6(c) ). There are no significant changes (p < 0.05) in most areas for the regression slope (Fig. 4(a) ) and r values (Fig. 4(b) ), which corresponds to the large area of positive differences in the MODIS and SPOT standard deviation, especially on the border of East China and Central China. (Fig. 5) , the majority of the pixels' correlation and slope values between MODIS and SPOT NDVI show differences in the seven regions of China. In Northeast China, North China, and Northwest China, there are a large number of pixels with high r values and slope values close to 1, especially in North China. This finding could be explained by lesser amount of cloud cover experienced in this region. In East China, Central China, and South China, a large number of pixels have low r (0.6-0.75) and slope values ( < 0.5). The same trend was found in Southwest China, with low r (0.6-0.75) and slope values (~0.5). This result could be attributed to the region's seasonal variation, greater precipitation, more cloud cover, and vegetation growth. However, there is good agreement in the regression slope and r values throughout the country. Song et al. (2010) obtained higher correlations in northern China than in southern China between data from the SPOT VGT and GIMMS NDVI; in addition, Fensholt and Proud (2012) found similar results between the MODIS and GIMMS NDVI.
Differences between annual MODIS and SPOT NDVI
Differences were calculated by the MODIS NDVI dataset minus the SPOT NDVI. Positive differences indicate that the MODIS NDVI is more positive for each pixel than is the SPOT NDVI. The significant spatial differences in regression slope values in East China, Central China, Southwest China, and South China (blue color) become apparent from the spatial distribution of the difference between MODIS and SPOT NDVI (Fig. 6(a) ). The large positive differences in the MODIS and SPOT NDVI correlate with the regions with low regression slope values shown in Fig. 2(b) and Fig. 4 (a) (also visible in Figs. 3 and 5). The apparent regression slope difference is in agreement with the land cover class "Croplands" (Fig.  1 ). There is a significant difference (red < -0.8 and blue > 0.8) in Northeast China, the southern part of North China, East China, Central China, and South China between MODIS and SPOT NDVI r values due to the opposing direction of trends (also visible in Figs. 4(b) and 5). The land cover in these areas is a mix of "Evergreen needleleaf forest," "Evergreen broadleaf forest," "Deciduous needleleaf forest," "Deciduous broadleaf forest," and "Mixed forest" (Fig. 1) . The standard deviation difference reflects the degree of dispersion between the two NDVI datasets. Large areas with a positive standard deviation difference are mainly distributed in the southern part of North China, East China, Central China, South China, and Southwest China. Most of these areas are in agreement with the land cover class "Croplands" (Fig. 1) . Additionally, small areas of negative standard deviation differences are distributed in Northwest China. This result can partially be explained by the corresponding slope value difference ( Fig. 6(a) ), r value difference (Fig. 6(b) ), and r value (Fig.  4(b) ). Conversely, large areas with high standard deviation differences correspond to the relatively small values of the regression slopes (Fig. 4(a) ). Due to the differences between the two datasets, especially in the southern regions of China, explanations need to be drawn for the varying slope, r value, and standard deviation. This result can be explained by the fact that NDVI tends to saturate at the dense vegetation (Sellers, 1985; Gao et al., 2000; Fensholt et al., 2009) , especially in the humid areas of southern China that can experience a large amount of cloud cover (Zhang et al., 2006) . The temporal filter algorithms used in this study had an additional impact on the data (Fensholt et al., 2009). 4.4 Influence of land cover classes on MODIS and SPOT NDVI trends Table 2 summarizes the number of pixels, the increased and decreased rates of pixels, the regression slope mean values, and the major land cover classes for the MODIS and SPOT NDVI linear trend analysis from 2000 to 2011 (α = 0.05). The MODIS NDVI slope showed an increasing trend mainly in the "Open shrublands," "Woody savan- nas," "Grasslands," "Croplands," "Cropland/Natural vegetation mosaic," and "Barren or sparsely vegetated." The SPOT NDVI slope for most of the land cover classes showed an increasing trend greater than 90% (Table 2) . When comparing the MODIS and SPOT NDVI regression slope mean value, the greatest difference of the four forest types ("Evergreen needleleaf forest," "Evergreen broadleaf forest," "Deciduous needleleaf forest," and "Deciduous broadleaf forest") was generally less than for SPOT NDVI and varied greatly. This analysis showed that MODIS NDVI easily saturates for the forest, while the SPOT NDVI can better detect the forest vegetation (Sellers, 1985; Gao et al., 2000; Fensholt et al., 2009) . Similar results can also be found in Figs. 2(a) and 2(b) .
The change in the regression slope mean value for "Open shrublands," "Grasslands," and "Barren or sparsely vegetated" was relatively greater over the 12 years (Table  3) . Areas of three types of vegetation cover shown in Fig. 4 (a) and Table 2 show the same results for the regression slope value. MODIS and SPOT NDVI were consistent for these vegetation covers, primarily found in arid and semiarid regions due to the smaller NDVI values. However, the two datasets show a relatively good consistency for all vegetation data.
Conclusions
The Terra MODIS and SPOT VGT NDVI datasets are the most widely used in recent years for long-term monitoring of vegetation changes. The consistency of the data between Terra MODIS and SPOT VGT NDVI datasets with a 1-km spatial resolution was evaluated using a linear regression method. This study indicated that comparisons between the Terra MODIS and SPOT VGT NDVI for an overlapping period of 12 years in China have a high rate of agreement for northern China. In southern China, the SPOT VGT NDVI data had more positive regression slope values than did the Terra MODIS data at a confidence level of 95% using the non-parametric Mann-Kendall (MK) method. This analysis suggests that Terra MODIS and SPOT VGT NDVI datasets have a relatively robust basis for characterizing vegetation changes in annual NDVI in most of the semi-arid and arid areas in northern China. Differences between the two datasets suggest that trends in the southern regions of China should be carefully interpreted.
